The effects of the particle size distribution on the charge carrier dynamics and the photocatalytic activity of mixed titanium dioxide (TiO 2 ) powder samples were investigated in this work. Instead of the synthesis of the small semiconductor particles, the binary particle size distributions of the powders were obtained by mixing commercially available TiO 2 powders with different particle sizes. The pure anatase samples (average diameters: 7, 20, and 125 nm, respectively) were created via ultrasound treatment and discreet drying. The photocatalytic activity of the powder samples was assessed by the degradation of nitric oxide (NO) and acetaldehyde in the gas phase. Furthermore, the charge carrier kinetics was determined using transient absorption spectroscopy following pulsed laser excitation. Importantly, a recently published model based on fractal dimensions was used to fit the transient signals of the photo generated charge carriers in the TiO 2 powder samples. The effects of the particle size on the acetaldehyde degradation could be explained by the formation of agglomerates, which reduce the available surface area of smaller particles. The fast oxidation of acetaldehyde on the surface of TiO 2 by direct hole transfer was further independent of the observed charge carrier lifetimes on the microsecond time scale. The photocatalytic NO degradation, on the other hand, increased for samples containing larger amounts of small particles. The corresponding photonic efficiencies correlated well with the charge carrier lifetimes determined by the time-resolved studies. Hence, it was concluded that a long charge carrier lifetime generally leads to higher fractional conversions of NO. The employed fractal fit function was proved to be beneficial for the kinetic analysis of charge carrier recombination in TiO 2 , in direct comparison with a second order fit function.
Introduction
Photocatalytic reactions are typically assessed empirically by their overall yield, despite the fact that the photocatalytic process is a complex multistep reaction including photon absorption, charge carrier generation, separation, trapping, and charge carrier transfer. 1 The reactant needs to be adsorbed and products desorbed from the catalyst surface, if the reaction is not carried out in the liquid or gas phase by mobile radical species. 2 Consequently, the empirical analysis of photocatalytic experiments hampers the identification of the rate limiting step. However, detailed knowledge concerning the primary processes is crucial for the development of photocatalysts with higher efficiencies. The charge carrier lifetime, for instance, represents one of the key parameters influencing the photocatalytic process. 3 It is expected that a detailed knowledge of the charge carrier kinetics facilitates the design of future photocatalysts exhibiting higher photocatalytic activities. Transient absorption spectroscopy is a feasible technique to analyze the charge carrier kinetics ranging from femtoseconds to milliseconds and, hence, to provide quantitative and time resolved analysis of the charge carrier related phenomena of the photocatalytic reaction. 4, 5 Indeed, transient absorption spectroscopy detects the free or trapped charge carriers responsible for the photocatalytic oxidation or reduction on the surface. 6 Especially, the trapped charge carriers are of utmost importance due to their long lifetime compared to the free charge carriers. [7] [8] [9] Subsequently, it is inevitable to determine and to trace the charge carriers in the material to detect and justify the reasons for beneficial or diminished yields. However, the kinetic analysis of the charge carrier recombination is not trivial. Several fit functions, such as monoexponential, 10 double-exponential, 11 and second order fits, 5, [12] [13] [14] have been employed for the mathematical analysis of charge carrier recombination in TiO 2 . Recently, Sieland et al. recommended the use of a fractal fit function. 15 But the feasibility of the proposed model, especially for the analysis of the charge carrier recombination in TiO 2 powders with a more complex particle size distribution, has not been shown yet.
During the last few years the effect of the particle size, and the corresponding change in the surface area, on the photocatalytic activity has been discussed intensely. General agreement appears to exist for the fact that for surface driven reactions, where the photogenerated hole is directly transferred to an adsorbed species, a large interface is essential for both the adsorption and the charge carrier transfer. Nevertheless, this mechanism is substrate specific and a direct correlation between the surface area and photocatalytic activity was found in TiO 2 suspensions only for a few reactants. 16 Moreover, current studies demonstrate that indeed the charge carrier kinetics of TiO 2 depend on the particle size as well. TiO 2 particles with a diameter of 20 nm displayed the smallest charge carrier signal compared to both, larger and smaller particles. 10 One possible explanation for this finding is the ambivalent effect of surface recombination and surface trapping reactions. This has also been proposed to be the reason for the reduced photoreactivity of small TiO 2 particles as compared with P25: due to their intrinsic defects, smaller particles are likely to exhibit higher charge carrier recombination rates. 17 On the other hand, kinetic models point out that due to the bulk recombination, the quantum yield of TiO 2 should decrease with its grain size. 18 Agrios and Pichat analyzed the correlation of the surface area, charge carrier recombination rate and photocatalytic removal of phenol, anisole, and pyridine for a series of TiO 2 photocatalysts. 19 They only found a good correlation of the described properties for the degradation of phenol, which was explained by a potential adsorption of the reactants or intermediates formed on the photocatalyst. 19 Overall, the listed studies do not lead to a clear and distinct correlation of the particle size and photocatalytic activity. Moreover, most studies related to the effect of the TiO 2 surface area or the particle size assess the photocatalytic activity in particulate suspensions in water. 14, [20] [21] [22] These aqueous systems have the drawback that water molecules can replace adsorbed molecules on the catalyst surface and thereby interfere with the charge carrier trapping and radical formation reactions. 16, 23, 24 Consequently, the degradation of simple gaseous molecules on solid-gas interfaces might reveal a better correlation of the particle size and charge carrier lifetime. In sum, detailed studies of the effect of the particle size on the charge carrier dynamics and on the photocatalytic activity at the solid-gas interface are still required. Furthermore, since most commercially available TiO 2 powders have a rather broad particle size distribution, mixing of TiO 2 powders represents a much simpler alternative to the synthesis of powder samples with an intermediate particle size. Subsequently, instead of the utilization of synthesized nanoparticles with a uniform particle size, a simple mixing approach of commercially available TiO 2 powders was used here. Hence, it is of great interest, if the effects observed upon variation of the particle size by chemical synthesis reported in the literature agree with the results achieved for the mixed powder samples with a binary particle size distribution.
Therefore, the present study investigates the effect of the binary particle size distribution of TiO 2 powder samples on the lifetime of the deeply trapped charge carriers and correlates the charge carrier kinetics with the photocatalytic degradation of air pollutants. The charge carrier recombination was studied with the help of a fractal fit function. The photocatalytic degradation of acetaldehyde and nitric oxide was carried out, which is a frequently used standardized method for the analysis of photocatalytic activities. [25] [26] [27] 2. Experimental details
Materials
The TiO 2 samples were created by mixing of the following materials: PC500 (PC500, Cristal; anatase, 5-10 nm particles), PC105 (PC105, Cristal; anatase, 15-20 nm), and Kronos1001 (Kronos1001, KRONOS International Inc.; anatase, 50-200 nm particles). For suspensions ultra-pure water (Milli-Q, EMD Millipore) and ethanol (Carl Roth GmbH & Co. KG; 99.8% with 1% MEK) were used. The gas degradation experiments were carried out using gas bottles of acetaldehyde and NO in nitrogen (The Linde Group; 200 ppm acetaldehyde in N 2 ; 50 ppm NO in N 2 ) and compressed, oil-free air.
The surface area and particle size of the three different TiO 2 powders are given in Table 1 .
Preparation of the TiO 2 mixtures
Large spherical Kronos1001 particles served as carriers for the smaller PC105/350 particles. To obtain a good distribution of small particles deposited on the large particles the following ultrasound procedure was applied (Fig. 1) . PC105 or PC500 was added to an aqueous ethanolic solution (10 vol% ethanol) and subjected to 5 minute ultrasound treatment (340 W L
À1
). A final concentration of 10 g L À1 TiO 2 was achieved by the addition of Kronos1001.
Sonication was not interrupted for the addition of the larger particles. The ultrasound processing of the mixed suspension was extended for further 3 minutes. The solid particles were separated via centrifugation with a maximum speed of 500 rpm for 6 hours. To achieve a better phase separation the samples were stored over night and the precipitates were collected. The reference materials, that are pure Kronos1001, PC105, and PC500, were treated in the same manner. According to the described procedure two series of new materials were manufactured: samples consisting of large Kronos1001 particles were combined with 0. 4, 5, 20, 40 , and 70 wt% of small particles PC105/PC500. All results discussed in this work are related to these two powder series.
Instrumentation
All powder samples were mixed with a Branson 450 Digital Sonifier (102-C Converter), centrifuged with a Kendro Megafuge 1.0 and dried in an oven (Memmert GmbH + Co. KG; BE 400). The photocatalytic acetaldehyde degradation was determined as described by ISO 22197 
Acetaldehyde degradation
Acetaldehyde degradation was measured as described in ISO 22197-2. However, the geometrical surface area and the gas flow diverged from the ISO conditions. First, all powder samples were pulverized with a mortar and pestle. The fine powders were pressed into sample holders (3.1 Â 3.1 Â 0.1 cm) made from PTFE. The active surface in contact with the acetaldehyde stream was 9.6 cm 2 . UV-pretreatment was carried out with 10 W m À2 (365 nm, Philips Cleo) for 72 hours. Between measurement and pretreatment the samples were stored in vacuum tight desiccators. Each measurement was performed under a constant stream of synthetic air containing 1 ppm acetaldehyde at 50% relative humidity. The conversion of acetaldehyde was detected under 10 W m À2 UV-A radiation (365 nm, Philips Cleo).
In the ESI † the course of the acetaldehyde concentration during the experimental procedure is illustrated (Fig. S1, ESI †) . At the beginning of the experiment the concentration of acetaldehyde c Acetaldehyde is detected in the bypass mode. After changing from bypass to the reactor the adsorption of acetaldehyde on the sample surface leads to a negative concentration peak. The stable concentration of acetaldehyde in the dark c Dark is in dynamic equilibrium with the adsorption on the sample surface and was averaged from the last 13 data points (460 min) before the illumination was started. The illumination of the sample with UV light leads to the photocatalytic degradation of acetaldehyde and the concentration of acetaldehyde under illumination c Illumination was averaged from the last 13 data points before the light was turned off. The fractional conversion of acetaldehyde Dc Acetaldehyde was taken from the difference in the concentration between dark and illumination (eqn (1)).
The fractional conversion of acetaldehyde or NO Dc Gas was used to calculate the photonic efficiency. Eqn (2) ].
The results were averaged from three experiments and in the case of the acetaldehyde degradation the standard errors (SE) were calculated according to eqn (3) .
NO degradation
The NO degradation was measured as described in ISO 22197-1. However, the active surface area and the gas flow diverged from the ISO conditions. Sample preparation, sample holder, UVpretreatment and storage were identical to the acetaldehyde degradation described in Section 2. (Fig. S2 , ESI †) is similar to the course of the acetaldehyde concentration, since the same experimental setup was used. At the beginning of the experiment 1 ppm NO is detected in the bypass mode and the adsorption of NO can be seen as a negative peak when the gas flow is changed from bypass to the reactor. The concentration of NO in the dark c Dark and the concentration of NO under illumination c Illumination were averaged from 120 data points. The fractional conversion of NO Dc NO (eqn (4)) was calculated from the difference in the concentration between dark and illumination and was used to calculate the photonic efficiency x NO similar to the degradation of acetaldehyde (cf. eqn (2)).
Transient absorption spectroscopy
Charge carrier signals were detected in the time range from 5 ms to 1 ms and in the wavelength range between 700 and 400 nm (20 nm step size). The excitation wavelength was 355 nm and each 6 ns laser pulse had an average energy density of 2 mJ cm
À2
. A xenon lamp was focused onto the samples as analyzing light and the scattered light was guided into the monochromator and detector (Hamamatsu PMT R928). Each transient signal represents the average of 200 laser shots. The samples were flushed with nitrogen for 30 minutes prior to the experiments. The optical change in reflectance J of the powder samples at 500 nm was processed and analyzed according to the second order kinetics with baseline (eqn (5)) and fractal charge carrier dynamics (eqn (6)).
In second order decay and in the fractal functions, the change in reflectance DJ decays from the initial height of the signal A with the decay constant k. B represents the baseline of the fit function. In the case of the fractal kinetics k 2,f is the rate constant and h is the fractal dimension coefficient. The second order rate constant and the fractal rate constant are generally related to the recombination of the photogenerated charge carriers. The details of the fractal dynamics approach and the differences to the second order kinetics with a baseline have been described elsewhere. 15 In short, the difference between the two models is the diffusion of the reactive species. In both models two species of trapped charge carriers (electrons and holes) are the reactive species. However, the simple second order approach describes the reaction of the species in a free three-dimensional space, while the fractal model assumes that the diffusion of the species is limited to the surface of the TiO 2 particles. 15 The structured two-dimensional surface of the agglomerated particles limits the diffusion and represents a fractal dimension.
Results

Structure of the TiO 2 agglomerates
Good mixing between the large and the small TiO 2 particles was achieved in the TiO 2 mixtures synthesized in this study. The particle agglomerates need to be separated to enable the formation of mixed agglomerates. The high energy density during the ultrasound treatment facilitated the formation of small agglomerated nanoparticles attached to the surface of larger spherical TiO 2 particles. 29 The homogeneity of the samples prepared here was assessed using TEM images. The resulting microstructure of the samples generated in this study is illustrated in the ESI † (Fig. S3 ). Only mixed agglomerates were detected by TEM imaging. Hence, intimate contact between the differently sized particles has apparently been realized thus hopefully enabling an unrestricted charge transfer between the different particles.
Acetaldehyde degradation
The photocatalytic activity of the prepared samples was tested by acetaldehyde degradation in the gas phase. The fractional conversion of acetaldehyde was employed to calculate the photonic efficiency x Acetaldehyde according to eqn (2) . The photonic efficiency of pure untreated PC105 was calculated from the fractional conversion of acetaldehyde. A fractional conversion of 0.42 ppmv results in a photonic efficiency of 0.98%. The calculated values for the three untreated commercial TiO 2 samples are shown in Table 2 . Fig. 2 illustrates the impact of the content of smaller particles (PC500 or PC105) on the photonic efficiency in mixtures of these particles with the large Kronos1001 particles.
For this series with small PC500 particles deposited on the large Kronos1001 particles no systematic effect of the mixing ratio on the photonic efficiency could be detected (cf. Fig. 2 ). These results do not comply with our original expectations. It should be noted here that the pure TiO 2 powder exhibits almost the same photocatalytic activity as the mixtures even though only PC500, that is Cristal PC500, has been developed as a photocatalyst, while Kronos1001, Kronos 1001, is sold as a pigment. PC500 typically shows high photocatalytic activity for self-cleaning, nitric oxide degradation and methylene blue oxidation. [30] [31] [32] Fig . 2B shows the photonic efficiencies of mixtures between PC105 and Kronos1001. Similar to the series containing PC500, the addition of PC105 has only little impact on the acetaldehyde degradation. Obviously, the acetaldehyde degradation indicates no systematic trends of the mixing ratio on the photocatalytic activity for our synthesized samples. The photocatalytic degradation of acetaldehyde in the gas phase on TiO 2 surfaces has previously been investigated by Freitag et al. 28 However, these authors mainly studied modified anatase materials, rutile, and mixtures of rutile and anatase. Additionally, the initial concentration of acetaldehyde in the gas flow was much higher than in the present study (5 ppmv instead of 1 ppmv). Hence, the reported values for the photocatalytic activities are higher and cannot be compared with the results obtained here.
NO degradation
As an alternative to the acetaldehyde degradation, which showed only small variations in the photocatalytic activity, nitric oxide was investigated as a probe molecule. The degradation setup for both probe molecules was identical. Pure untreated PC105 showed a fractional conversion of 0.117 ppmv NO resulting in a photonic efficiency of 0.82%. The calculated values for the three untreated commercial TiO 2 samples are summarized in Table 3 . 
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For the two series with varying particle sizes the photonic efficiencies were calculated with eqn (2) and the results are illustrated in Fig. 3 .
The nitrogen(II) oxide degradation efficiency tends to increase with higher loadings of smaller particles (PC500). Furthermore, a maximum in activity was observed for mixtures containing 70% PC500. The samples with a binary particle size distribution, in the area of 20 to 70% loadings of PC500, showed a higher photocatalytic activity in comparison to the pure basic materials. Fig. 3B displays the results for the series containing PC105. Similar to the samples with PC500 the increasing trend of photocatalytic activity with a higher content of small particles was observed. In contrast to the series with PC500 no mixed sample outperformed the pure PC105, which showed with 1.16% the highest photonic efficiency of this series.
In addition to the degradation of NO, the removal of NO x was determined. The respective results are illustrated in the ESI † (S4-S6). Generally, the NO x degradation was much smaller than the NO degradation. Nonetheless, the same trends were identified for the NO x degradation as discussed previously for the NO degradation. In 2014, Bloh et al. published the photonic efficiencies of several pure commercial photocatalysts based on nitric oxide degradation. 32 They reported values of 0.31% for PC500 and slightly higher activity of 0.36% for PC105 with a concentration of 8 ppm nitric oxide in the gas flow. Accordingly, in this study the catalyst showed a higher photonic efficiency of up to 1.4%, which can be explained by the difference in the nitric oxide concentration and the volume flow (8 Â 10 À7 m 3 s À1 was applied in their studies instead of 5 Â 10 À5 m 3 s
À1
, which was used in the present study). Freitag et al. analyzed the photocatalytic NO degradation under nearly similar conditions as employed here, only the sample area of 5 Â 10 À3 m 2 was five times higher. 28 Since the calculated photonic efficiencies are normalized to the sample area, the potential influence is considered to be small. Indeed, the obtained photonic efficiencies for the untreated commercial PC105 and PC500 with small particle sizes (0.82% and 0.86%) are close to the reported values from Freitag et al. for UV100 (0.5%), which is a commercial anatase TiO 2 with a similar particle size to PC500. 28 The results of this study confirm that PC105 and PC500 both have a high and almost similar photocatalytic activity for the removal of NO.
Surface area
Both assays for the determination of the photocatalytic activity focus on the gas phase degradation of a probe molecule at the solid-gas interface of the photocatalyst. Hence, the size of this interface should potentially influence the photocatalytic activity. As indicated by the names given to the pure TiO 2 samples in this work, derived from the BET surface area provided by the suppliers, there is more than one order of magnitude change in the surface area (Kronos1001 to PC500). We determined the BET surface areas of the two series of synthesized samples in triplicates and the outcome is shown in Table 4 and Fig. 4 .
The BET surface area of the tested samples shows a linear correlation starting from 11 m 2 g À1 for Kronos1001 to 309 m 2 g
À1
for PC500 and to 81 m 2 g À1 for PC105, respectively. Hence, the BET surface areas are found to be in good agreement with the information provided by the suppliers. Furthermore, the linearity of the results provides good evidence for the composition of the samples studied here.
To estimate the effective surface area, which can be utilized for the gas phase degradation of NO, we determined the amount of NO adsorbed on the geometrical sample surfaces. At the beginning of every NO degradation experiment a dark adsorption measurement is carried out, when the gas-flow of 1 ppm NO is changed from the bypass to the reactor mode. The amount of adsorbed NO is readily obtained from the adsorption peak area of this drop in concentration (cf. Fig. S2 , ESI †). Dillert et al. used this method to calculate the Langmuir adsorption isotherm of NO on P25. 33 The amounts of adsorbed NO normalized to the geometrical surface area for the two experimental series are listed in the ESI † (Tables S7 and S8 ) and illustrated in Fig. 5 . For samples containing PC500 a small increase of the amount of adsorbed NO from 2.1 Â 10 À5 mol m À2 for pure Kronos1001 to 3.4 Â 10 À5 mol m À2 for pure PC500 is observed.
The sample with 40% PC500 shows the second highest value with 3.3 Â 10 À5 mol m
À2
. The experimental series with PC105 displays a much smaller increase of the adsorbed amount of NO from 2.1 Â 10 À5 mol m À2 for pure Kronos1001 to 2.5 Â 10 À5 mol m À2 for PC105. The sample with 0.4% PC105 showed the smallest amount of adsorbed NO with 0.8 Â 10 À5 mol m
. Similar to the amount of adsorbed NO, the adsorbed acetaldehyde concentration on the powder surface was calculated from the adsorption peaks of the respective measurement. The results are given in Table 5 .
The apparent adsorption of acetaldehyde on the surface of the TiO 2 powders is several orders of magnitude larger than the adsorption of NO on the same surface. Moreover, there is a good correlation between the BET surface area of the powder samples and the acetaldehyde adsorption. However, Barteau, Kim and Idris have reported in 1993 that acetaldehyde easily forms crotonaldehyde on dark and dry TiO 2 surfaces. 34, 35 Recent studies of Melchers showed that a high relative humidity drastically reduces the formation of crotonadehyde on the TiO 2 surface. 36 To avoid the corresponding overestimation of the adsorbed acetaldehyde concentration the relative humidity was kept constant between 40 and 50% during the degradation of acetaldehyde.
Laser-flash-photolysis-spectroscopy
Second order decay functions are frequently applied to fit transient absorption signals observed following a bandgap laser flash excitation of a photocatalyst powder sample. 14 Therefore, the transient reflectance signals observed following excitation of the mixed powder sample with l ex = 355 nm were analyzed at 500 nm employing eqn (5). The fitted second order decay constants k for the synthesized TiO 2 series are shown in Fig. 6 . Illustrations for all fitting parameters and fitted decay constants are given in the ESI † ( Fig. S9 and S10 ). after laser excitation with 10 mJ per shot. 38 When the transient absorption signals at 500 nm were analyzed employing the fractal rate fit function tendencies similar to the analysis with second order fit functions are observed for the addition of small particles (cf. Fig. 6 and 7) .
Application of the fractal fit with a free fractal parameter results in an average fractal rate constant of 0.61. All respective fitting parameters are shown in the ESI † (S11 and S12). However, the studies of Toussaint and Wilczek revealed a fractal rate constant of 0.5, for the idealized case of a bimolecular reaction on square lattices at long times. 39 Similarly, a t
À1/2
dependence of the second-order rate coefficient was reported by Grela and Colussi. 40 Therefore, a fractal rate constant of 0.5 has been selected for the comparison of the different TiO 2 samples. A constant fractal dimension coefficient enables the systematic analysis of the change in the rate constant. This way the changes in the charge carrier decay rates only influence the rate constant, while changes in the fractal shape of the samples are not considered. All fitting parameters are shown in the ESI † (S13 and S14). Fig. 7 illustrates that the highest fractal rate constant is observed for pure Kronos1001 (2.3 Â 10 4 a.u.), while pure PC500
and PC105 show the smallest rate constant (0.6 Â 10 4 a.u.). The rate constant k F decreases for samples with a higher percentage of small particles (PC500/PC105). This trend is similar to the second order rate constant also displaying a smaller rate constant for samples with a higher content of small particles. However, in contrast to the almost linear trend observed for the second order rate constant at higher loadings of small particles (cf. Fig. 6 ), the fractal rate constant shows a gradual reduction of the slope (cf. red line in Fig. 7) . A larger drop of the fractal charge carrier recombination constant is observed for the samples containing small loading (0% to 20%) of small particles PC105 or PC500 in comparison to the samples with a higher content (40-100%) of small particles, which shows a smaller decay of the rate constant.
Discussion
Ultrasound synthesis and the structure of mixed TiO 2
In the present study, the TiO 2 particles with mixed particle sizes were prepared employing a two-step ultrasound treatment. The strong energy densities of more than 300 W L À1 lead to disaggregation of the small particles and allow the formation of agglomerates with a binary particle size distribution. 29 The TEM images of the thus prepared materials show that small clusters of 1-30 particles were deposited on the surface of Kronos1001 particles. The intimate contact between the particles with different sizes should facilitate charge transfer between the particles. The ultrasound synthesis increased the photocatalytic activity of the samples for both, NO and acetaldehyde degradation (cf .  Tables 2 and 3 ). This can be related to the ultrasound treatment in combination with the washing and discreet drying steps.
The washing process removes undesired compounds from the surface of TiO 2 . These compounds represent residues of the technical synthesis of commercial TiO 2 . Usually traces of chloride, sulfate or phosphate are found in TiO 2 powders from the chloride or sulfate process, respectively. The TiO 2 powders utilized in this study were synthesized by the sulfate process. Sulfate and phosphate on the surface of TiO 2 are known to reduce the photocatalytic activity, due to their strong coordination to the catalyst surface. 
Acetaldehyde vs. NO degradation
The degradation of acetaldehyde was nearly constant for all synthesized materials, including the pure basic materials Kronos1001, PC105 and PC500. This is an unexpected result, since Kronos1001 is a pigment consisting of very large particles exhibiting a small surface area, whereas PC105 and PC500 are small photocatalyst nanoparticles with a high surface area. Thus, for the degradation of acetaldehyde at the solid-gas interface a detectable variation of the activity for the different catalyst powders was expected. At first glance, the results could lead to the conclusion that the degradation of acetaldehyde is mainly the reaction of desorbed radicals in the gas phase independent of the surface area. Nevertheless, several publications show a beneficial effect of surface area on the photocatalytic degradation of acetaldehyde. [43] [44] [45] [46] Hence, we still suppose that acetaldehyde is adsorbed and degraded at the surface of TiO 2 and that consequently the active surface area plays a key role in the photocatalytic degradation of gaseous molecules such as acetaldehyde. 47, 48 The detailed analysis of the TEM images reveals that the small TiO 2 particles form larger agglomerates of particles in the samples containing mainly small TiO 2 . The size of the agglomerates of the smallest PC500 reaches the dimensions of the individual particles in Kronos1001. This formation of agglomerates explains the measured photocatalytic activities provided that in the course of the reaction acetaldehyde molecules are adsorbed, decomposed and desorbed only on the outer surface of the agglomerated particles (Fig. 8) . Therefore, the active surface area for driving the reaction is quite similar for the three basic materials, even if the primary particle sizes vary by more than one order of magnitude. 
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The results of the BET surface area measurement will be discussed in detail in Section 4.4 (vide infra). Another possible explanation for the similar photocatalytic activities could be a variation of the degradation mechanism of acetaldehyde on the three basic TiO 2 materials. Unfortunately, the acetaldehyde degradation mechanism on TiO 2 is still not completely understood. 2 Hence, it cannot be ruled out that for different crystallographic TiO 2 surfaces the degradation mechanism changes and that on each of the three commercial TiO 2 particles another degradation mechanism is dominant. Hence, the photonic efficiencies would only accidentally be similar. Nonetheless, the results obtained for the removal of NO (cf. Fig. 3 ) also exhibit a rather limited influence of the particle size. Moreover, as discussed in Section 4.5., this observed change in activity can be related to the charge carrier lifetimes of the samples. Overall, this supports the suggested mechanism of the degradation of acetaldehyde and NO on the surface of agglomerated particles. The different degradation mechanisms and the resulting relationship with the charge carrier kinetics will be discussed in Section 4.5. 4.2.1. Effects of the antenna mechanism. The photonic efficiencies measured for both acetaldehyde and NO degradation are found to be quite constant over a broad variation of TiO 2 particle sizes. This effect can be related to the antenna mechanism. 49 As shown in Section 4.1 (vide supra) smaller particles tend to agglomerate more strongly thus reducing the active surface area available for the gas phase degradation of acetaldehyde and NO. Apparently, these reactions take place on the outer surface of the large agglomerates only. Subsequently, a charge carrier transfer between the particles in the agglomerate is required to achieve similar activities for samples with varying particle sizes. If no charge transfer between the particles takes place, a very low photonic efficiency would be expected. The absorption of light in the center of the agglomerate would not cause any degradation of species adsorbed at the outer particles. Charge carriers photogenerated close to the center of the agglomerate can only recombine and are thus not able to contribute to the overall photonic efficiency. Especially for the small particles of PC500, exhibiting a diameter of only 7 nm but forming aggregates with diameters larger than 100 nm, a large fraction of the TiO 2 particles are in the bulk of the agglomerate.
Therefore, the activity of these samples would be reduced provided that the charge transfer between the particles would not be possible. However, our experiments reveal a constant activity for the acetaldehyde degradation and even an increasing degradation rate of NO for the samples with smaller particle sizes. Consequently, a transfer of charge carriers between the particles in the agglomerate as illustrated in Fig. 9 is proposed here resembling the well-established antenna mechanism.
49
In short, the similar behavior observed for large TiO 2 particles and large TiO 2 clusters of small particles can be taken as strong evidence for the beneficial charge transfer from the centre to the outer particles in the clusters.
Effects of the surface area
A linear increase of the BET-surface area with an increasing content of small particles was observed here (cf. Fig. 4) . However, there is approximately no correlation between the determined photocatalytic activities (acetaldehyde and nitric oxide) and the BET surface area. Throughout the series of TiO 2 powders prepared here the BET surface area changes by more than one order of magnitude (30-fold) without being accompanied by any similar variation of the respective photocatalytic activity. For the given experimental conditions, namely the gas phase degradation of NO and acetaldehyde, the BET surface area can therefore not be regarded as a good tool to describe the active surface area. During the measurement of the BET surface area, the samples were dried in a vacuum at high temperatures. This harsh procedure is necessary to remove adsorbed molecules, mainly water, which would interfere with the measurement. However, this drying process produces a different surface than that employed for the gas phase degradation experiments, where the samples were used as synthesized.
The TEM images reveal that the smaller particles are agglomerated. The voids between the small particles are filled with water and its capillary forces keep the particles together. Transport of reagents is limited in the voids and thus between the center and the surface of the agglomerates. Hence, the agglomerated particles apparently do not possess large photocatalytically active surface areas as determined by the BET measurements (which just determine the N 2 -adsorption on the dry surface). A better system to judge the active surface area was obtained here by the measurement of the amount of adsorbed NO on the surface of the powder samples. In Fig. 10 these results are shown in correlation with the photonic efficiencies of the samples.
Small amounts of adsorbed NO (1.5-2.2 Â 10 À5 mol m
À2
) are obtained for the samples containing small loadings of PC500.
The small values represent small active surface areas for the degradation of NO. Samples with more than 40% of PC500 display slightly higher quantities of adsorbed NO (2.8-3.4 Â 10 À5 mol m À2 ). These results agree with the increase of the NO degradation for samples containing higher PC500 contents. Hence, it is obvious that a higher amount of adsorbed NO on the surface leads to a higher photocatalytic activity. Mixing of PC500 and Kronos1001 increases the active surface area. Especially, the sample with 40% PC500 exhibits the second largest quantity of adsorbed NO and shows one of the highest activity values for the photocatalytic NO degradation. Fig. 11 illustrates the interdependence between the photonic efficiency and the amount of adsorbed NO for mixtures between PC105 and Kronos1001. Interestingly, for 0.4% PC105 a large drop in the active surface area and also in the photocatalytic activity is noted revealing the potential dependency of the two quantities. This sample exhibits the lowest amount of adsorbed NO (0.8 Â 10 À5 mol m
) and also the lowest photonic efficiency (0.3%).
In contrast to the series with PC500, the mixtures of PC105 and Kronos1001 showed only smaller active surface areas than pure Kronos1001. Only the sample with 100% PC105 had a slightly higher surface area. Nevertheless, the photonic efficiencies of the mixed samples increase with a higher content of small particles. Hence, for this series the active surface area for NO adsorption does not correlate with the respective photonic efficiencies.
Overall, the amount of adsorbed NO is several orders of magnitude smaller in comparison to the amount of adsorbed acetaldehyde (cf. Table 5 ). Hence, it remains questionable whether the degradation reactions occur mainly on the particle surface or in the gas phase by radicals released from this surface. According to Freitag et al., the visible light degradation of NO is mediated by a ligand to metal charge transfer (LMCT) complex of NO on the surface of TiO 2 . 28 This LMCT evinces the large influence of the adsorption of NO on the mechanism of NO degradation. Nevertheless, the potential influence of the amount of adsorbed NO is not the only factor to be considered when assessing the degradation of NO on TiO 2 . In summary, a higher amount of adsorbed NO can be taken as a sign for a higher active surface area thus leading to an increase of the respective photonic efficiency. Nonetheless, such a dependency on the surface area does not explain the observed photocatalytic activities alone. The amount of adsorbed NO does not change much (2.1 Â 10 À5 mol m À2 for Kronos1001; 2.5 Â
10
À5 mol m À2 for PC105; 3.5 Â 10 À5 mol m À2 for PC500).
Furthermore, the effective change of the active surface area differs for the two experimental series, while mixing of PC500 results in larger surface areas than that of Kronos1001, the active surface areas of mixtures with medium percentages of PC105 were slightly reduced.
Correlation of photonic efficiencies and charge carrier kinetics
In the present study, the charge carrier decay kinetics have been determined and analyzed at 500 nm following pulsed laser excitation at l ex = 355 nm. The respective transient changes in reflectance were fitted by second order fit functions with baseline adjustment (eqn (5)) and according to fractal charge carrier kinetics (eqn (6)), respectively. Both approaches revealed similar trends. It has recently been reported that the fractal kinetics fit is a versatile tool for the analysis of the charge carrier kinetics of TiO 2 in a selected time domain employing a laser energy density of 2 mJ cm
À2
. 15 Furthermore, the fractal kinetics analysis is able to successfully fit the experimental curves without the need of an additional baseline. Therefore, the fractal rate constants k F are considered as being more reliable for easier comparison of the samples. But the discussed trends are also observed employing the second order fit with baseline. Under the experimental conditions employed here, namely the observation of long living transient signals in the micro-to millisecond region under a nitrogen atmosphere, only deeply trapped charge carriers are apparently present. In the absence of any reactants these deeply trapped charge carriers are considered only to react through random recombination with Fig. 10 Photonic efficiencies of NO degradation (') and adsorbed amounts of NO ( ) for the synthesized TiO 2 materials containing PC500 (data taken from Fig. 3 and 5) . Fig. 11 Photonic efficiencies of NO degradation (') and adsorbed amounts of NO ( ) for the synthesized TiO 2 materials containing PC105 (data taken from Fig. 5 and 7) . each other. Hence, the lifetime of the deeply trapped electrons is equal to the lifetime of deeply trapped holes. This concept of binary recombination was reported by Schneider revealing the same decay constant for trapped electrons and holes in TiO 2 in the microsecond time domain. 50 Accordingly, the observation of just one charge carrier species is sufficient to analyze the overall charge carrier kinetics. The degradation of acetaldehyde displayed no change in activities in course of the two tested mixed TiO 2 series. As discussed in Section 4.2., the complex degradation mechanism of acetaldehyde could lead to incidentally similar photocatalytic activities for the different TiO 2 samples. Nevertheless, the main difference between NO and acetaldehyde observed in this study is the strong adsorption of acetaldehyde on the TiO 2 surface in contrast to the rather weak adsorption of NO. Table 5 illustrates that the amount of adsorbed acetaldehyde on the surface is more than three order of magnitude higher than the amount of adsorbed NO (Fig. 5) . Hence, one explanation for the missing impact of the charge carrier kinetics on the yield of the acetaldehyde degradation might be that this reaction is initiated by a direct oxidation of acetaldehyde by valence band holes. The degradation of NO, on the other hand, can be carried out on the surface or in the gas phase by photogenerated holes or electrons. [51] [52] [53] In the microsecond time regime analyzed by the transient spectroscopy the long living deeply trapped charge carriers are observed. 14 These deeply trapped charge carriers can be regarded as Ti 3+ centers (trapped electrons) and surface OH (trapped holes), respectively. 1 However, the charge transfer to adsorbed acetaldehyde molecules seems to proceed much faster. Hence, the photocatalytic degradation of acetaldehyde is independent of the lifetime of trapped charge carriers studied under an inert gas atmosphere. However, the degradation of nitric oxide displays a strong correlation with the inverse fractal rate constant representing a feasible tool to quantify the charge carrier lifetime (Fig. 12) . The half-life of a pure second order process could be calculated
Samples with an increased content of PC500 display larger photonic efficiencies and smaller fractal rate constants than pure Kronos1001. The mixture of 70% of PC500 with Kronos1001 displays the highest photonic efficiency and the smallest rate constant of all tested samples. Subsequently, mixing of PC500 and Kronos1001 increases the photocatalytic activity of the mixture and the synthesized material outperforms the pure materials. These results indicate an effect of the binary particle size distribution on the photonic efficiency of the TiO 2 samples synthesized here. Moreover, a strong correlation of photonic efficiency and the inverse fractal rate constant was identified. Samples with a high photocatalytic activity display a low charge carrier recombination rate as indicated by the inverse fractal rate constant. Interestingly, a small content of small particles between 40 and 70% is sufficient to reduce the charge carrier recombination rate to achieve the same photocatalytic activity as that of pure and more expensive PC500. Fig. 12B shows that the results obtained for PC500 can also be applied on mixtures with PC105. The NO degradation obtained for samples with PC105 correlates well with the charge carrier lifetime represented by the inverse fractal rate constant. Higher photonic efficiencies are observed upon raising the percentage of PC105 from 0% to 100%, while the inverse rate constant of the charge carrier recombination grows accordingly. The comparison of the samples with the highest and the lowest content of PC105 reveals that an increase of the photonic efficiency by a factor of 2 correlates with a rise of the inverse fractal rate constant of 200% (0.5 Â 10 À4 a.u. to 1.5 Â 10 À4 a.u.).
Similar to PC500 small quantities (20-40%) of small PC105 particles reduce the charge carrier recombination effectively resulting in high photocatalytic activities. If the second order rate constant is employed instead of the fractal rate constant comparable trends are observed. The corresponding graphs are shown in the ESI † (Fig. S15) . However, the photonic efficiency and inverse fractal rate constant display a slightly stronger correlation. This is evidence for the beneficial characteristics of the fractal kinetics fit in contrast to the second order fit function.
The beneficial charge transfer in the agglomerated TiO 2 particles following the antenna mechanism (vide supra) readily explains the beneficial photocatalytic activities of samples with a mixed particle size distribution. Especially, the high photonic efficiencies observed for mixtures with more than 20% PC105 or PC500 can be related to the long charge carrier lifetimes. Fig. 12 Photonic efficiencies of NO degradation (') and inverse fractal rate constants k 2,f at 500 nm ( ) for the synthesized TiO 2 materials containing PC500 (A) and PC105 (B) mixed with Kronos1001 (data taken from Fig. 3 and 7) .
Some of the mixed samples actually showed the highest NO degradation yields in our experiments. The charge transfer between small and large TiO 2 particles can moreover explain the increased NO degradation efficiency on the powder surface. This charge carrier transfer could support the charge carrier separation and enhance the photocatalytic activity of the samples with a binary particle size distribution. Fig. 13 illustrates the dependence of the photocatalytic activity on the charge carrier lifetime. Samples with a high content of small particles exhibit longer charge carrier lifetimes under inert conditions and higher photonic efficiencies. These experimental results are also supported by theoretical calculations. 18 The large domain size in large TiO 2 particles increases the bulk recombination of the charge carriers. Moreover, the large BET surface area of the small particles facilitates an effective charge carrier trapping. Consequently, a drop of the charge carrier recombination rate below 50% is observed in small particle samples (PC105 and PC500), which also shows twice the photonic efficiency for NO degradation. Correlation of higher photocatalytic activities with longer charge carrier lifetimes has previously been observed by time resolved microwave conductivity experiments and phenol degradation in TiO 2 suspensions by Alaoui et al. 54 Similar correlations were not possible for the photocatalytic degradation of rhodamine B, which was explained by a higher adsorption of rhodamine B on TiO 2 . These results are in good agreement with the effects of the surface area and charge carrier lifetime on the NO and on the acetaldehyde degradation, respectively, obtained in this study. Like rhodamine B acetaldehyde is strongly adsorbed on the surface of TiO 2 and no correlation of the charge carrier lifetime and photocatalytic activity could be detected. NO is only weakly adsorbed on the surface and the observed NO degradation shows good correlation with the charge carrier kinetics. Nevertheless, a higher amount of adsorbed NO still facilitates the direct transfer of charge carriers and the fast degradation of NO. However, due to the weak adsorption of NO, the effect of surface area observed in this study is small, while the effect of the charge carrier lifetime detected throughout these experiments is strong. A longer charge carrier lifetime leads to a higher population of trapped charge carriers like OH radicals and O 2 À radicals on the surface of the TiO 2 samples thus increasing the removal of NO.
To draw a complete picture of the photocatalytic processes on the particle surface, one has to consider the active surface areas and the charge carrier lifetimes. Boujday et al. have already related this behavior to the simple model of photocatalysis being determined by two subdivisions the photo part (charge carrier generation and kinetics) and the catalysis part (surface radical formation). 55 Only the combination of both effects can explain the beneficial effect of mixing PC500/PC105 with Kronos1001.
Conclusions
In this study, two series of TiO 2 mixtures with a binary particle size distribution were prepared using a simple two-step ultrasound process. The average particle size was adjusted by mixing of TiO 2 powder samples instead of the directed synthesis of powder samples with uniform particle sizes. The results indicate that the approach represents a facile way to tune the properties of the semiconductor powder samples, such as charge carrier kinetics and photocatalytic activity. However, the small particles, which formed large agglomerated TiO 2 clusters, and large single TiO 2 particles displayed rather small changes in the photocatalytic activity. These results have been related to nearly identical active surface areas of the samples due to the formation of agglomerates, being non equivalent to the huge changes in the BET-surface area (11-309 m 2 g À1 ).
Consequently, no correlation between the removal of NO and the BET surface area was observed. Furthermore, the adsorbed amount of NO on the surface of the powder samples was identified as a better indicator for the active surface area of the samples than the BET surface area. Larger amounts of NO on the surface caused a higher photocatalytic activity. In addition to the change in the surface area, a slower charge carrier recombination in the TiO 2 samples containing high percentages of small particles could be identified by the fractal fit function. The faster recombination of trapped charge carriers in larger particles explains the smaller photonic efficiencies of these samples (calculated from the NO degradation). The fractal model for the kinetic analysis of charge carrier recombination was applied for the first time on complex pure TiO 2 samples. It was proved to be beneficial in comparison to the second order fit with a rather arbitrary baseline. In particular, the results of the photocatalytic NO degradation show a closer correlation with the fractal charge carrier recombination constant in comparison to the second order rate constant. All in all, NO degradation results of both TiO 2 series could be 
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